This study aimed to assess the performance of a combined vertical flow (VFCW) and horizontal subsurface-flow (HFCW) constructed wetland systems built on a pilot scale and submitted to different configurations and organic load application rates of pre-treated swine wastewater (SWW) in anaerobic systems on the nitrogen and phosphorus removal.
INTRODUCTION
In order to minimize the potential impacts caused by the intensive swine farming, researches have been developed to improve systems for treating swine wastewater. These systems have prioritized organic matter removal, which has a direct effect on environmental quality. Swine wastewater is also rich in nutrients, especially nitrogen and phosphorus. Nitrogen and phosphorus are nutrients of a great importance to the food chain and when discharged in high concentrations in surface waters, they cause an enrichment of this environment, a phenomenon known as eutrophication (Barreto et al., 2013) . Thus, the improvement of techniques of removing these pollutants is necessary.
Different types of constructed wetland (CW) systems are combined to achieve a greater efficiency in the post-treatment of wastewater, especially for nitrogen removal. Horizontal flow constructed wetland (HFCW) systems are widely used as a secondary treatment and promote satisfactory removal of BOD and suspended solids. However, there is a growing interest in obtaining a greater removal of nitrogenous compounds from wastewater, which has not been achieved only using HFCW due to its limited capacity of oxygen transfer, a characteristic of these systems. On the other hand, vertical flow constructed wetland (VFCW) systems provide good conditions for nitrification, but denitrification does not occur in these systems. Thus, hybrid or combined systems, in which the advantages of each system type are combined, have been studied, allowing producing waste water with a reduced organic load and lower nitrogen concentrations (Mendonça et al., 2015; Fia et al., 2017) .
This study aimed to assess the performance of combined constructed wetland systems (vertical and horizontal flow) cultivated with Tifton 85 (Cynodon spp.) and cattail (Typha sp.) and submitted to different configurations and organic load application rates of pretreated swine wastewater in anaerobic systems on the nitrogen and phosphorus removal.
MATERIAL AND METHODS
The experiment was conducted in the wastewater treatment area of the Department of Animal Science, but under the responsibility of the Department of Engineering, at the Federal University of Lavras, Lavras, MG, Brazil. The geographical coordinates of the area are 21°14′ S and 42°00′ W, with an average altitude of 918 m and regional climate Cwa according to Köppen classification.
Currently, swine wastewater (SWW) is submitted to a pre-treatment consisting of a static sieve and primary/secondary treatment composed of a compartmentalized anaerobic reactor (CAR) followed by a upflow anaerobic sludge blanket (UASB) reactor and decanter (Pereira et al., 2011) . Thus, SWW used in this study was that from the existing treatment system.
The experiment was composed of constructed wetland systems, three of vertical flow (VFCW) cultivated with Tifton 85 (Cynodon spp.), followed by three of horizontal subsurface-flow (HFCW) cultivated with cattail (Typha sp.). Each HFCW received, individually and by gravity, the wastewater from each VFCW. VFCWs were composed of fiberglass boxes with a total volume of 100 L, 0.54 m of height, and 0.86 m of average diameter filled with gravel #0 (average initial void In order to assess the influence of the hydrodynamic behavior on pollutant removal, especially as nitrogen, HFCWs were built with three different configurations ( Figure 1 ): (1) with internal partitions fixed to HFCW sides to favor a piston-type flow from one side to another inside the HFCW; (2) with internal partitions fixed above and below the HFCW bed to favor upward and downward flow inside the HFCW, allowing mixing the wastewater sometimes in a strictly anaerobic environment (HFCW bottom) and sometimes in an aerobic/anoxic environment (HFCW surface); and (3) without internal partitions, as in traditionally researched HFCWs.
The experiment consisted of 3 phases (80, 60, and 60 days of duration), with a gradual increase of surface application rates (SAR) ( For VFCWs, an analysis of variance was performed followed by the Tukey's test at 5% probability level when a significant effect of factors was observed. For statistical analysis, a completely randomized design with three replications (three VFCWs) and three phases were considered. For HFCWs and for joint systems (VFCW-HFCW1, VFCW-HFCW2, and VFCW-HFCW3), an analysis of variance was performed followed by the Tukey's test at 5% probability level when a significant effect of factors was observed. A 3 × 3 factorial scheme (3 HFCWs and 3 phases) with the number of repetitions over time was used according to the number of samples of each variable. Statistical analyses were performed by using the SISVAR ® Statistical Program (Ferreira, 2011) .
RESULTS AND DISCUSSION
The pH variation in the inflow through the systems was relatively small (Table 2) , with a value close to neutrality, which probably did not influence microorganism performance and, consequently, nutrient removal. For the conventional denitrification process, the ideal pH value is around 7.5 (Xinshan et al., 2010) , as observed in our study.
Although SWW was derived from an anaerobic treatment and hence had to present negative values of Eh, the observed positive values can be justified by its pumping to a storage box, where a growth of algae responsible for the environment oxygenation was observed. The outflow of VFCWs presented higher values of Eh during the first phase when compared to the values observed in the outflow of HFCWs. Probably a lower amount of organic matter applied in the systems associated to the water percolation movement through the support material provided favorable conditions to the maintenance of higher dissolved oxygen levels in the environment and, consequently, higher values of Eh. In general, the observed redox conditions were between anoxic (−100 mV <Eh <100 mV) and aerobic (Eh> 100 mV) (Matos et al., 2010a) .
From the second phase, even with an increase in flow rate and the consequent increase of turbulence in the environment, no significant reduction (p>0.05) was observed in the average values of redox potential (Eh) in VFCWs. In the HFCW outflows, we observed, in some moments, similar values of Eh and, in others, an increase in its average values, which is probably due to a greater development of the planted cattail in the system (Matos et al., 2010a) . In addition, Tifton 85 does not present aerenchym a in its structure, which may have hampered the air insertion by the plants and reduced Eh values in VFCWs. In this sense, Matos et al. (2010a) observed higher Eh values in an HFCW cultivated with cattail when compared to another cultivated with Tifton 85.
Inflow concentrations of TKN were relatively high (Table 2) , which demonstrates the limited capacity of anaerobic systems to remove nitrogen. However, Amorim et al. (2015) observed nitrogen removal of the order of 30% (22.9 g d −1 ) in an upward flow anaerobic reactor when treating swine wastewater.
In addition, nitrate and nitrite formation were observed in VFCWs (Table 2 ) since these systems are more oxygenated, leading to a higher oxidation of NH4 + into nitrite and nitrate (Xinshan et al., 2010) . In phases II and III, the higher flow rate may have caused a higher atmospheric air drag and, consequently, promoted a greater atmospheric oxygen entry into the system (Gaboutloeloe et al., 2009; Abdelhakeem et al., 2016) , resulting in a higher oxidation of nitrite into nitrate. In phase III, we observed a decrease in the outflow values of TKN and nitrite and an increase between 5 and 50% in nitrate concentrations in VFCW outflows. Nevertheless, the average TKN removal did not change significantly (p>0.05) ( Table 3) . A satisfactory efficiency of TKN removal was obtained for all systems in the three operation phases, with values higher than those observed by Sarmento et al. (2012) when treating swine wastewater in VFCWs (28 to 37%) and a removal of 17%observed by Vymazal & Kröpfelová (2011) in the initial two months of VFCW monitoring in the domestic sewage treatment.
During the first phase, probably the lower contribution of organic matter in HFCWs may have favored the conversion of ammoniacal forms of nitrogen into nitrate, increasing its concentration, since the organic matter competes for a reduced oxygen concentration in the environment. In the third phase, a greater denitrification capacity (15 to 27%) was observed in HFCWs, with higher percentages of nitrite and nitrate removal (p<0.05) and TKN, except for HFCW3 (Table 4) , resulting in lower average concentrations of nitrite and nitrate in the outflow (HFCWs) when compared to the inflow. I  52aA  40aA  44aAB  24aA  22aA  31aA  61aAB  53aA  64aAB   II  47aA  45aA  31aA  26aA  25aA  32aA  44aA  49aA  46aA   III  41aA  45aA  58aB  58aB  54aB  44aA  75aB  75aB  76aB Means followed by the same lowercase letter in the row within each configuration, i.e. vertical (VFCW), horizontal (HFCW) or global (VFCW -HFCW), do not differ from each other by Tukey's test at 5% probability. For the same system, means followed by the same uppercase letter in the column do not differ from each other by the Tukey's test at 5% probability. HFCW1  HFCW2  HFCW3  HFCW1  HFCW2  HFCW3   I  31aA  16bA  18bA  13aA  8aA  10aA   II  75aB  89bB  89bB  32aAB  26aAB  24aAB   III  98aC  99aC  99aC  46aB  48aB  35aB For the same variable, means followed by the same lowercase letter in the row do not differ from each other by the Tukey's test at 5% probability. For the same system, means followed by the same uppercase letter in the column do not differ from each other by the Tukey's test at 5% probability.
Vymazal & Kröpfelová (2011) obtained on average 73% of total nitrogen removal after using two VFCWs followed by an HFCW during 2 years of monitoring. This result is similar to that observed in our study in the third phase (75%). The average outflow concentration of ammonium and nitrate decreased from 25 to 6.7 mg L −1 . The different configurations of HFCWs did not significantly influence (p>0.05) their performance in removing the different forms of nitrogen (Tables 3 and 4) for each assessed phase. An increase in the efficiency of TKN removal was observed for HFCWs as the applied load increased, especially in the systems HFCW1 and HFCW2 (p<0.05) .
Despite the decreased TKN values in the wastewater, note that only the conversion of NTK into nitrite and nitrate does not mean a nitrogen removal, but only its conversion and continuity of the pollutant potential of wastewater when it is released in the environment. Thus, the effective nitrogen removal is the nitrite and nitrate removal from HFCWs (Table 4) , being probably converted into N2. Moreover, part of TKN is incorporated into the sludge and absorbed by the crop.
In Brazil, Matos et al. (2010b) obtained 51 and 64% of total nitrogen removal from swine wastewater treated in HFCWs cultivated with cattail and Tifton 85, respectively, with no nitrification process previously installed. For these systems, 46 and 56% of ammonium removal were obtained. A total of 93 kg ha −1 d −1 of total nitrogen and 67 kg ha −1 d −1 of ammonium were applied, which is lower than the loads applied in our study.
The joint removal of TKN by vertical and horizontal systems (VFCW-HFCW) (Table 4) was considered as satisfactory. In a literature review, Vymazal (2007) reported nitrogen removal efficiencies between 40 and 55% when loads between 6.8 and 17 kg ha −1 d −1 of nitrogen (calculated) were applied in different configurations of vertical and horizontal constructed wetlands. These loads are much lower when compared to those applied in our study (Table 1) , proving the good efficiencies observed here.
Higher nitrogen removal efficiencies may not have been achieved due to carbon reduction in the environment, quantified using COD (data not shown). Thus, higher efficiencies can be obtained by recirculating the outflows from CWs with a higher nitrate concentration in the anaerobic systems that precede them, such as UASB reactors. Gaboutloeloe et al. (2009 ), Xinshan et al. (2010 , and Vymazal & Kröpfelová (2011) also observed this result.
During phase III, a greater efficiency (p<0.05) in phosphorus removal was observed in CWs over time (Table 5) , except for HFCW2. Wang et al. (2009) observed that CWs cultivated with Phragmites and Typha were able to remove on average 98% of the 33 mg L −1 of the phosphorus applied to the system from sewage sludge. These authors cited that other studies with similar loads were able to remove only 30 to 40% and efficiencies never exceeded 60%. With an increase in phosphorus contribution in phase III, only HFCW2 improved the removal efficiency (p<0.05), HFCW3 maintained a similar efficiency of the other phases, and HFCW1 reduced the removal efficiency (Table 5) . I  15aA  15aA  11aA  35aB  12aA  13aA  23aA  19aA  19aAB   II  18aA  9aA  11aA  17aA  17aA  14aA  18aA  15aA  5aA   III  31aB  18aA  43bB  11aA  39aB  15aA  32aA  48aB  37aB Means followed by the same lowercase letter in the row within each configuration, i.e. vertical (VFCW), horizontal (HFCW) or global (VFCW-HFCW), do not differ from each other by Tukey's test at 5% probability. For the same system, means followed by the same uppercase letter in the column do not differ from each other by the Tukey's test at 5% probability.
The hydrodynamic characteristic presented by HFCW2, when increasing the flow rate in phase III, may have favored solid retention in the system and hence phosphorus removal. When studying swine wastewater in HFCWs cultivated with cattail and Tifton 85, Matos et al. (2010b) obtained 85, 29, and 34% of phosphorus removal by applying about 20 kg ha −1 d −1 of P. These authors observed removals of suspended solids of the order of 90%, which is directly related to TP removal.
Satisfactory average removal efficiencies were observed for VFCW-HFCW in phase III. However, only VFCW-HFCW2 was significantly different from the others (p<0.05) in this phase (Table 5) . Thus, the highest contribution to phosphorus removal in the joint system was given by HFCW, both by plant absorption and accumulation in the sludge formed in the system. Vymazal & Kröpfelová (2011) observed that during the first year of the experimental system operation composed of two VFCWs followed by an HFCW in the treatment of domestic effluents the efficiency of phosphorus removal was only of 5.4% for inflow concentrations of 3.2 mg L −1
. From the second year, after system stabilization, and with the increased average inflow concentration (5.2 mg L −1 ), an increase in removal was observed, reaching 65%.
In general, TP removal efficiencies obtained in this study can be considered as satisfactory since, according to Vymazal (2007) , phosphorus removal in CWs is considered low, ranging between 40 and 60% for all types of wetland systems. In this sense, the ability of CWs to remove phosphorus is limited when compared to the nitrogen removal capacity (DeBusK et al., 2004) since no permanent phosphorus loss is observed in these systems.
